Here we explore factors potentially linked to the enhanced major hurricane activity in the Atlantic Ocean during 2017. Using a suite of high-resolution model experiments, we show that the increase in 2017 major hurricanes was not primarily caused by La Niña conditions in the Pacific Ocean but rather triggered mainly by pronounced warm sea surface conditions in the tropical North Atlantic. Further, we superimpose a similar pattern of North Atlantic surface warming on data for long-term increasing sea surface temperature (a product of increases in greenhouse gas concentrations and decreases in aerosols) to show that this warming trend will likely lead to even higher numbers of major hurricanes in the future. The key factor controlling Atlantic major hurricane activity appears to be the degree to which the tropical Atlantic warms relative to the rest of the global ocean.
that, during summers with a developing La Niña, hurricanes are more active over the North Atlantic due to a weakening of the vertical shear of the zonal winds over the tropical Atlantic relative to climatology (7, 8) . The correlation coefficient (hereafter, r) between the Niño3.4 index and the observed MH frequency for the period 1979-2017 is −0.45, which is statistically significant (P value < 0.01) (Fig. 1B) . It is also apparent that the surface ocean in boreal summer 2017 was substantially warmer than the climatological mean in the tropical North Atlantic, where most tropical cyclones are generated [the sea surface temperature anomaly (SSTA) was 1.5 standard deviations above normal in region B in Fig. 1D , hereafter referred to as the main developing region (MDR); fig. S1 ]. On the basis of observations made over the past 60 years, Kossin (9) reported that ambient environmental vertical wind shear (10) (11) (12) , defined as wind speed difference between upper troposphere (200 hPa) and lower troposphere (850 hPa) and considered a detrimental factor for tropical cyclone genesis and intensification, tends to be stronger off the east coast of the United States (region C in Fig. 1D ) when sea surface temperature (SST) is higher over region B, leading to fewer MHs over region C. However, this relationship is not clear for the 2017 summer. Observations for the 2017 summer within region C show a mixture of wind shear anomalies ( fig. S2A ): weaker in the Gulf of Mexico and stronger along the Canadian coast despite the positive SSTA over region B. Meanwhile, a substantial positive SSTA was also observed over region C. It is expected that tropical cyclones obtain more energy from warmer oceans and then further develop into MHs during their westward propagation from the MDR.
Overall, the SSTA spatial pattern in 2017 over the North Atlantic resembles a positive phase of the Atlantic Multidecadal Oscillation (AMO) (13) . The observed AMO index is 1.5 standard deviations above its long-term mean for the 2017 summer season (Fig. 1B) . Indeed, the AMO index is moderately and positively correlated with the number of MHs for the period 1979-2017 (r = +0.50; P value < 0.01) (Fig. 1B) . There is, however, another mode of variability over the region: the Atlantic Meridional Mode (AMM) (14) . The AMM has substantial variability at the interannual time scale in the North Atlantic, characterized by a meridional contrast in the SSTA across the Equator, as well as associated surface wind anomalies. The correlation coefficient between the observed AMM index and MH frequency is +0.62 (P value < 0.01) (Fig. 1B) , and the observed AMM index for the 2017 summer season was 1.2 standard deviations above normal. These high positive indices imply a possible impact of internal natural variability on this active MH season in 2017 (15) . However, it is also possible that greenhouse gasinduced global warming might have caused the emergence of the pronounced MH activity in the 2017 hurricane season. This supposition is based on the findings of several previous modeling studies that commonly projected an increase in intense storms such as MHs under conditions of increased anthropogenic forcing (16) (17) (18) . In this study, using a suite of high-resolution model experiments (19, 20) , we attempted to elucidate the physical reasons for the occurrence of the active 2017 MH season and to anticipate possible future changes in MH activity, given conditions similar to those of summer 2017 but with increased anthropogenic forcing.
Successful prediction of active 2017 MHs
The particularly active MH season in 2017 was forecast well in real-time seasonal predictions starting from initial conditions on 1 July, using a high-resolution global coupled model [HiFLOR (19, 20) ] developed at the Geophysical Fluid Dynamics Laboratory. Previous studies have shown that HiFLOR can simulate the observed interannual variation of MH frequency in historical simulations (19) and offers skill in retrospective seasonal predictions (20) (the r between the predicted and observed MH frequency is +0.74 for the period 1980-2017; see fig. S3 ). Figure 1E shows the predicted 2017 seasonal-mean MH density anomaly (July to November) from initial conditions on 1 July 2017 (i.e., lead month = 0 to 4), which can be contrasted with the corresponding observations shown in Fig. 1C . HiFLOR successfully predicted the observed higher MH density along the eastern coast of the Caribbean and Florida, although the predicted density anomalies were underestimated. HiFLOR realistically predicted the spatial pattern of the MH density anomaly over the Pacific Ocean as well. Because in these real-time seasonal predictions the oceanic conditions were initialized but the atmospheric and land surface were not, the successful prediction mainly derives from the oceanic state, along with the prescribed boundary conditions of anthropogenic forcing (8, 20) . Indeed, HiFLOR predicted a higher SSTA over the Atlantic, especially over the MDR and off the east coast of the United States, in addition to the moderate La Niña conditions as observed (Fig. 1, D and F) . However, the amplitude of the La Niña conditions was underestimated in the real-time predictions. HiFLOR also largely predicted the spatial pattern of vertical wind shear anomalies ( fig. S2 , B and C) compared with observations (fig. S2A) ; however, there are some differences between predictions and observations at small regional scales.
Observations show that the MHs in 2017 primarily occurred during a confined period in the late summer season (26 August to 14 October; black solid line in fig. S4 ), which is a subset of the climatological MH season (July to October; black dashed line in fig. S4 ). This clustering indicates an important role for subseasonal oscillations for the timing of 2017 MHs (21, 22) . HiFLOR failed to predict the timing of active MHs in 2017. Figure  S4 shows that 2017 MHs (blue thick line) were predicted to occur earlier than the modeled climatological mean MH season (red thick line). However, we did not expect that HiFLOR could predict the timing of the active MHs for 2017 because the atmosphere was not initialized in the predictions. Because a few ensemble members show active MHs during the late 2017 summer season (blue thin lines in fig. S4 ), it appears that HiFLOR is able to simulate subseasonal oscillations comparable to those observed (19) and that inclusion of atmospheric initialization may potentially improve predictions of MH timing during 2017.
Reasons for the active 2017 MH season
To elucidate the relative importance of SSTAs in various regions for the occurrence of this highly active 2017 MH season, we used HiFLOR to conduct a series of idealized seasonal predictions for the period 1 July through 30 November. In these idealized predictions, SST in the model was restored to the SSTs from the original HiFLOR seasonal predictions initialized from 1 July 2017, but with some modifications [we refer to the SSTrestoring experiments as "nudging experiments" (19) (see supplementary method c)]. In the first nudging experiment, which we call CLIM, we Murakami restored the SST to the predicted climatological mean SST computed over the period 1982-2012. In the second experiment, called CLIM+, we restored the SST to that predicted for 2017 ( Fig. 2A) . The CLIM and CLIM+ simulations yielded about three and six MHs, respectively (Fig. 3) . These simulated values were close to the observed values for the climatology (2.7) and the 2017 season (6) . Moreover, the pattern of the predicted MH density anomaly in CLIM+ (right panel of Fig. 2A ) reflected the observed 2017 MH density anomaly in the North Atlantic (Fig. 1C) . The fidelity of the MH prediction by HiFLOR gave us confidence in carrying out further sensitivity experiments with the model. In the next sensitivity experiment, we used the SSTs from CLIM+, except the SSTs over the Pacific Ocean were replaced with those from CLIM. We refer to this experiment as PCLIM, and the results are shown in Fig. 2B . If the 2017 La Niña conditions indeed led to the particularly active MH season in 2017, the predicted MH frequency should have been reduced in the PCLIM experiment. However, the results (Figs. 2B and 3) show that this was not the case. Therefore, the moderate 2017 La Niña conditions were not the key factor for the highly active MH season in 2017. Unlike the predictions started from initial conditions on 1 July 2017, the HiFLOR real-time seasonal predictions started from initial conditions on 1 April 2017 predicted a strong El Niño development for the 2017 summer season. This false alarm was also predicted by other seasonal models (23) , possibly associated with the so-called "spring predictability barrier" (24) . In our next sensitivity test, which we refer to as experiment PEL, we replaced the CLIM+ SST over the Pacific Ocean with the predicted SST from the April forecasts to emulate a strong El Niño condition. Although the MH frequency in PEL decreased slightly relative to CLIM+, the PEL prediction still showed active MHs over the North Atlantic (Fig. 2C and 3) , indicating the possibility of high MH activity in the Atlantic, even with El Niño conditions during summer 2017. These experiments support the assertion that the Pacific SSTA in 2017 was not a critical factor for the particularly active MH season in the North Atlantic that year.
Next, we conducted an experiment similar to CLIM+ but with the Atlantic SST replaced by the CLIM SST (ACLIM; Fig. 2D ). The ACLIM prediction showed substantial reductions in both MH number and density (Figs. 2D and 3) , suggesting that the local Atlantic SSTA was critical for the high MH activity in 2017. Furthermore, we separately replaced the SST with the CLIM SST in the region off the east coast of the United States (GCLIM; Fig. 2E ) and in the MDR (MCLIM; Fig.  2F ) and found that replacing the MDR SSTA substantially reduced the MH frequency and MH density (Figs. 2F and 3) . In contrast, results from GCLIM led us to conclude that the SSTA off the East Coast of the United States was not a major factor controlling the unusually high MH activity in the 2017 hurricane season, in terms of the number of MHs.
Note that we utilized the predicted SSTs, rather than observed SSTs, for the lower boundary conditions throughout this study (supplementary method c). This is because we started this attribution study before the end of the 2017 hurricane season (i.e., real-time event attribution study), when observed SSTs were unavailable. Meanwhile, we confirmed that the same conclusions could be obtained even by using observed SSTs (figs. S5 and S6).
Effect of anthropogenic forcing on active MH season
Another open question is to what extent the increase in anthropogenic forcing influenced the emergence of this particularly active MH season in 2017. To investigate this, we followed the idealized seasonal-prediction framework but additionally considered potential future conditions (see supplementary method c). The representative concentration pathway 4.5 (RCP4.5) and RCP8.5 experiments, in which future changes in mean SSTs according to CMIP5 models ( fig. S7) were superimposed onto the CLIM SST, respectively resulted in more-frequent MHs relative to CLIM by about 1.5 and 2.0, with statistical significance (P values of < 0.05 and < 0.01) (Fig. 3) , and a basin-wide increase in MH density (Fig. 4, A and  B) , albeit with both RCP4.5 and RCP8.5 also showing a marked increase in MH density in the northern Atlantic and Gulf of Mexico. These results imply a general increase in MH occurrence induced by anthropogenic forcing. The RCP4.5 and RCP8.5 runs showed a slight reduction in MH density along the location of maximum MH density in CLIM (i.e., maximum contour in Fig. 4 , A and B), but the reduction was not statistically significant. This noisy spatial pattern of changes may have been caused by the small sampling size in the predictions (i.e., 12 ensemble members).
To increase the sample size, we conducted another set of long-term (200-year) control simulations by fixing the level of anthropogenic forcing to those in 2015 (2015Cntl) and 1940 (1940Cntl) (see supplementary method b). These simulations showed a basin-wide increase in MH density in 2015Cntl relative to 1940Cntl (Fig. 4C) . In addition to the RCP4.5 and RCP8.5 experiments, we superimposed the 2017 SSTA ( Fig. 2A) onto the SSTs from the RCP4.5 and RCP8.5 experiments to mimic the impact of the 2017 spatial distribution of SSTAs if that pattern were to occur in a future warmer climate. These experiments, which we refer to as RCP4.5+ and RCP8.5+, showed an increase in the number of MHs by about three relative to their future meanstate experiments (i.e., RCP4.5 and RCP8.5) (Fig.  3) . The increase of three MHs was similar to that from the present-day experiments (i.e., CLIM+ minus CLIM in Fig. 3) , suggesting that the increase in MH activity induced by the 2017 SSTA was not highly sensitive to the mean climate state. The increase in MHs induced by the 2017 SSTA (i.e., +3 MHs) was larger than that by the mean-state changes (i.e., +1.5 to 2.0 MHs; Fig. 3 ), indicating that the 2017 SSTA had a greater influence than the mean-state change on the unusually high MH activity that year. The MH density anomalies projected by RCP4.5+ and RCP8.5+ relative to their mean-state experiments (Fig. 4 , D and E) show a spatial pattern similar to that of the 2017 MH anomaly (Fig. 4F) but with a higher MH density over the Caribbean and near the U.S. coast, amplifying the risk of MHs over these regions, as well as a higher MH density over the open ocean in the northern North Atlantic.
Another possible factor responsible for the unusually active MH season in 2017 was the external influence of anthropogenic aerosols. Dunstone et al. (25) reported that their dynamical model revealed that anthropogenic aerosols lowered the frequency of tropical storms during the 20th century, whereas sharp declines in anthropogenic aerosol levels over the North Atlantic at the end of the 20th century increased the number of tropical storms. On the basis of climate model simulations, recent studies (26, 27 ) also reported that the potential intensity, the theoretical upper limit of the storm intensity given the large-scale environment, recently started to increase because of reductions in anthropogenic aerosols over the global domain (27) as well as in the North Atlantic (26), indicating potential increases in MH frequencies due to decreases in 4 of 6 anthropogenic aerosol forcing. To investigate the influence of aerosols on the MH frequency, we conducted an additional idealized seasonal nudging prediction, with settings to those of CLIM+, except that the estimated SSTA due to a reduced concentration of anthropogenic aerosols ( fig. S8 ) was superimposed onto the CLIM+ SST (hereafter, AERO+; see supplementary method c). The AERO+ experiment did increase the MH frequency slightly (by +0.8) relative to the CLIM+ experiment (Fig. 3) , qualitatively supporting the conclusion of previous studies (25) (26) (27) , even for the MH frequency. However, the increase is not statistically significant (P value = 0.19). As discussed by Murakami et al. (28) , the projected impact of aerosols on MH frequency may be underestimated in HiFLOR because the model may underestimate the radiative forcing by aerosols due to a lack of representation of the indirect effects of aerosols.
Further refinement of the model's physics is necessary to better estimate the impact of aerosols on MH frequency.
Relative importance of relative SSTAs on active MH season
Previous studies (29, 30) have reported the frequency of hurricanes (i.e., those weaker than MHs) to be positively correlated with the MDR SSTA (the SSTA in domain B in Fig. 1C; 10°to  25°N , 80°to 20°W), as well as the relative SSTA (RSSTA), which is defined as the difference between the mean SST over the MDR and the mean SST over the global tropics (30°S to 30°N). This is also true for MHs. The correlation coefficient between observed MH frequency and MDR SSTA (RSSTA) was +0.50 (+0.61) for the period 1979-2017. The standardized value for MH frequency for the 2017 summer season was 1.1 (0.8) standard deviations above its long-term mean ( fig. S1 ). A recent study (15) also reported a positive correlation between the observed MH frequency and the RSSTA on the decadal time scale. However, it is uncertain whether these positive correlations will hold true for MHs in the future.
The response of MHs to anthropogenic warming might differ from that of weaker storms because, as reported in several previous studies, the global number of weaker storms will likely decrease in a warmer environment in the future, whereas the number of intense storms will increase (16) (17) (18) . Figure 5 , A and B, shows a moderate and positive correlation of the predicted MH frequency with both the MDR SSTA and RSST, on the basis of a series of idealized nudging experiments in the present-day framework (the RCP experimental results are not included in these figure panels). The correlation (r) between the MH frequency and MDR SSTA was +0.56 and the slope of linear regression (hereafter, a) was +5.06 K −1 , similar to the values for the RSSTA (r = +0.56 and a = +5.80 K
−1
). However, when we included the RCP experiments in this analysis, the values of r and a for the MDR SSTA dropped sharply from the original values (Fig. 5, A and C) , whereas for RSSTA they remained almost the same (Fig. 5,  B and D) . To further clarify these relationships, we conducted an additional nudging experiment (P3K; see supplementary method c) with the CLIM SST plus a globally uniform +3 K (i.e., zero RSSTA change) with other settings identical to the RCP8.5 experiment. P3K showed a slight increase in MH frequency relative to CLIM (Fig. 3) , but not as large as that of RCP8.5+, resulting in a lowering of the positive correlation between the MDR SSTA and MH frequency. Overall, our results support the hypothesis that the MH frequency over the North Atlantic is highly correlated with the RSST-at least with this model.
Discussions
Overall, the results from our series of idealized experiments show that the enhanced MH activity in the Atlantic in 2017 was mainly caused by the larger SSTA over the MDR relative to the rest of the global ocean, rather than by the moderate La Niña conditions. However, this does not mean that the MH frequency and spatial distribution in the Atlantic are always insensitive to the El Niño-Southern Oscillation (ENSO). As documented in previous studies (19, 31) , HiFLOR can capture the observed contrast in MH activity in the North Atlantic in different ENSO phases. We speculate that in 2017 the effect of the MDR SSTA was large enough to increase the MH activity regardless of the remote effects of any phase of ENSO. The higher tropical North Atlantic SSTA was possibly associated with a specific phase of natural variability, like the positive phase of the AMO or AMM. However, it is also possible that to some degree the 2017 SSTA contained the effects of anthropogenic forcing too, although we cannot separate the two factors at this moment. It also remains uncertain whether we will see more of these active hurricane seasons, like that of 2017, in the ensuing decades, despite the arguably strong indicator of having experienced two successive active MH seasons since 2016 (Fig. 1B) . This is because a recent study (15) to predicting the MH activity of the future, although, according to the moderate correlation in our study (r = +0.61) between the RSST anomaly and MH frequency in observations ( fig. S1 ), the RSST anomaly is not the only factor determining the MH frequency in the North Atlantic. Further research is necessary to address the physical mechanisms underpinning highly active MH seasons.
